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Clinical PerspectiveWhat Is New?Our study identifies a novel mechanism by which mesenchymal stromal cells regulate excessive inflammation by increasing local adenosine bioavailability through CD73 enzymatic function when implanted following myocardial ischemia/reperfusion injury.What Are the Clinical Implications?This work adds to the growing mechanistic understanding of how cell‐based therapy is beneficial in cardiovascular disease states, and may assist in establishing optimal use of such therapies in further preclinical research.

Introduction {#jah32876-sec-0008}
============

When cardiac cells die following myocardial ischemia/reperfusion (MI/R) injury, they release intracellular metabolites into the interstitial space that rapidly recruit and activate cells of the innate immune system.[1](#jah32876-bib-0001){ref-type="ref"}, [2](#jah32876-bib-0002){ref-type="ref"}, [3](#jah32876-bib-0003){ref-type="ref"}, [4](#jah32876-bib-0004){ref-type="ref"}, [5](#jah32876-bib-0005){ref-type="ref"} This cycle of cell recruitment is often self‐amplified and sustained in MI/R and leads to further cell necrosis, scar formation, and cardiac dysfunction.[6](#jah32876-bib-0006){ref-type="ref"}, [7](#jah32876-bib-0007){ref-type="ref"}, [8](#jah32876-bib-0008){ref-type="ref"}, [9](#jah32876-bib-0009){ref-type="ref"}, [10](#jah32876-bib-0010){ref-type="ref"}, [11](#jah32876-bib-0011){ref-type="ref"} Adenine nucleotides such as ATP and AMP are potent danger‐associated molecular patterns that trigger chemotactic migration, vessel wall adhesion, and pro‐inflammatory cytokine production by early infiltrating leukocytes such as neutrophils and macrophages.[12](#jah32876-bib-0012){ref-type="ref"}, [13](#jah32876-bib-0013){ref-type="ref"}, [14](#jah32876-bib-0014){ref-type="ref"}, [15](#jah32876-bib-0015){ref-type="ref"} However, these adenine nucleotides can be dephosphorylated to adenosine. While better recognized for its extensive role in the regulation of vascular tone,[16](#jah32876-bib-0016){ref-type="ref"} adenosine also acts through adenosine receptors on immune cells to exert counter‐regulatory signals that inhibit chemotaxis, leukocyte adhesion, and reactive oxygen species (ROS) formation. Additionally, adenosine signaling can promote angiogenic activity, anti‐inflammatory cytokine secretion, and leukocytic efferocytosis of apoptotic cells in a manner that is protective of the heart during MI/R.[17](#jah32876-bib-0017){ref-type="ref"}, [18](#jah32876-bib-0018){ref-type="ref"}, [19](#jah32876-bib-0019){ref-type="ref"}, [20](#jah32876-bib-0020){ref-type="ref"}, [21](#jah32876-bib-0021){ref-type="ref"}

In this study, we examined whether mesenchymal stromal cells (MSCs) could curtail recruitment of innate immune cells through localized production of adenosine in a preclinical model of MI/R injury. Unlike the brief changes in tissue levels created by exogenously administered adenosine[22](#jah32876-bib-0022){ref-type="ref"} or adenosine‐receptor agonists,[23](#jah32876-bib-0023){ref-type="ref"} MSCs are capable of continuously and rapidly metabolizing ATP and AMP to adenosine by the actions of surface membrane ecto‐5′‐nucleotidases CD39 and CD73, respectively.[24](#jah32876-bib-0024){ref-type="ref"}, [25](#jah32876-bib-0025){ref-type="ref"}, [26](#jah32876-bib-0026){ref-type="ref"} Increased bioavailability of adenosine may subsequently favor an anti‐inflammatory microenvironment that mitigates the destructive potential of the innate immune response.[24](#jah32876-bib-0024){ref-type="ref"}, [25](#jah32876-bib-0025){ref-type="ref"}, [26](#jah32876-bib-0026){ref-type="ref"}, [27](#jah32876-bib-0027){ref-type="ref"} We found that implanted MSCs increase adenosine bioavailability through the action of CD73 and that this mechanism is critical to reducing early innate immune cell infiltration and ROS formation while protecting cardiac function following MI/R injury.

Methods {#jah32876-sec-0009}
=======

The data, analytic methods, and study materials will be/have been made available to other researchers for purposes of reproducing the results or replicating the procedure.[28](#jah32876-bib-0028){ref-type="ref"}

Experimental Animals {#jah32876-sec-0010}
--------------------

Sprague‐Dawley rats (Strain 400, 250--350 g, male, 10--12 weeks; Charles River, Raleigh, NC) were used. This study conforms to the *Guide for the Care and Use of Laboratory Animals* published by the US National Institutes of Health and was approved by the Institutional Animal Care and Use Committee at Emory University School of Medicine. All procedures for animal care were conducted in accordance with institutional guidelines.

MI/R Injury Model {#jah32876-sec-0011}
-----------------

Rats were subjected to MI/R injury by transient ligation of the left anterior descending artery or to sham operation with ligation as previously described.[29](#jah32876-bib-0029){ref-type="ref"}, [30](#jah32876-bib-0030){ref-type="ref"}, [31](#jah32876-bib-0031){ref-type="ref"} Rats were anesthetized with 2.0% isoflurane gas (Diamondback Drugs, Scottsdale, AZ), intubated, and mechanically ventilated with a rodent respirator. The animal was placed in right lateral decubitus position, given 0.03 mg/kg buprenorphine (Diamondback Drugs) subcutaneously, and the chest cavity was opened by left thoracotomy to expose the heart under sterile surgical technique. After removal of the pericardium by gentle dissection, the left anterior descending artery was visualized directly and 5‐0 silk suture used to ligate the vessel ≈2 mm below its emergence from the left atrial appendage. Temporary occlusion was achieved by passing suture ends through sterile polyethylene 10 tubing so that it abutted the left anterior descending artery en face and clamping with hemostat. Occlusion of the vessel was confirmed by myocardial blanching and hypokinesis of the left ventricular (LV) free wall. Following 30 minutes of ischemic injury, the ligation was released and reperfusion confirmed by return of color to the LV myocardium. At the time of reperfusion, experimental therapy was provided. Rats that died during ischemic insult were excluded from the experiment. All sham‐injured animals had the same procedure performed without ligation.

Isolation and Culture of Rat MSCs {#jah32876-sec-0012}
---------------------------------

MSCs were isolated and enriched from rat bone marrow in a manner previously described.[32](#jah32876-bib-0032){ref-type="ref"} Rats were anesthetized by carbon monoxide asphyxiation. Hind limbs were removed and cleaned of connective tissue. Minimum Essential Medium Eagle, Alpha (Sigma‐Aldrich, St. Louis, MO) was used to flush marrow and cells were passed through a 70‐μm strainer. Cells were spun at 200*g*, 4°C for 5 minutes followed by aspiration of supernatant. Pellet was resuspended in 25 mL of Minimum Essential Medium Eagle, Alpha supplemented with 10% fetal bovine serum/1% penicillin‐streptomycin and plated on a 10‐cm culture dish at 37°C and 5% carbon dioxide incubator. Cells were cultured for 1 week and MSC identity was confirmed by isolation of CD29^+^CD90^+^CD73^+^CD45^−^ surface markers.

Preparation of Biomaterial‐Supported MSCs {#jah32876-sec-0013}
-----------------------------------------

One million allogeneic rat MSCs were encapsulated in ultrapure alginate as previously described.[33](#jah32876-bib-0033){ref-type="ref"} Capsules were then localized to the anterior wall of the myocardium with a poly(ethylene)glycol hydrogel. Cell viability 24 hours after implantation was assessed by extracting MSCs and performing live‐dead assay. For the purposes of this article, we are using the term encapsulated MSCs (eMSCs) to describe combined use of alginate encapsulation and poly(ethylene)glycol‐mediated implantation for simplicity. This strategy of combined biomaterial encapsulation was performed as a validated method to improve retention and viability of MSCs at the site of implant in order to obviate known obstacles to cell delivery.[33](#jah32876-bib-0033){ref-type="ref"}, [34](#jah32876-bib-0034){ref-type="ref"} A subset of MSCs was pretreated with the specific CD73 inhibitor,[35](#jah32876-bib-0035){ref-type="ref"} α,β‐methylene adenosine diphosphate (APCP), as previously described,[24](#jah32876-bib-0024){ref-type="ref"} before encapsulation and implantation.

Quantification of Adenosine From MSC Culture Media for Liquid Chromatography/Mass Spectrometry {#jah32876-sec-0014}
----------------------------------------------------------------------------------------------

For in vitro experiments, rat MSCs were cultured in 24‐well plates at a density of 2.0×10^5^/cm^2^ in 24‐well plates for 1 hour at 37°C with or without 50 μmol/L AMP (Sigma) in phosphate‐free incubation buffer with or without 100 μmol/L APCP as previously described.[24](#jah32876-bib-0024){ref-type="ref"} Culture media was collected and diluted 1:100 before liquid chromatography/mass spectrometry (LC/MS).

Preparation of Myocardial Tissue for LC/MS {#jah32876-sec-0015}
------------------------------------------

Rat hearts were harvested at 1 and 3 days post MI/R injury. Hearts were rapidly perfused with adenosine deaminase inhibitor, EHNA hydrochloride (5 μmol/L, Sigma), and ligated from its attachment to the great vessels. Atria were excised just below the level of the appendages and the right ventricular free wall was removed. LV tissue was then snap frozen in liquid nitrogen, and kept at −80°C until further processing. Preparation of myocardial tissue for LC/MS was performed as previously described with the following modifications.[36](#jah32876-bib-0036){ref-type="ref"}, [37](#jah32876-bib-0037){ref-type="ref"} Frozen tissue was homogenized in prechilled acetonitrile/methanol/water (1:2:2, vol/vol/vol). Crude lysate was then heated for 10 minutes at 60°C, cooled on ice for 10 minutes, and then centrifuged at 2350*g* for 90 minutes at 4°C. Supernatant was isolated and further purified by centrifugation at 21 000*g* for 3 minutes through a 35‐μm filter. Supernatant was then diluted 1:1000 in double‐distilled H~2~O to prevent mass overload and then taken to LC/MS for metabolite analysis.

Quantification of Adenosine via LC/MS {#jah32876-sec-0016}
-------------------------------------

The experiments were performed on Thermo‐FTMS Ultra with a Thermo Dionex Ultimate 3000 dual pump and a Shimadzu SIL‐20AC HT autosampler with a CBM20 controller. The instrument was controlled with Xcalibur and Chomeleon Xpress software supplied by Thermo. The mass spectra/mass spectra were acquired in the ion trap portion of the FTMS‐Ultra, using a center of mass collision energy of 35 V and an isolation window of 1 to 268 atomic mass units (AMU). The source parameters were capillary temperature 275°C, sheath gas 40 arbitrary units, electrospray ionization (ESI) voltage 5 kV, capillary voltage 35 V, and tube lens 110 V. A 10‐μL injection was used for each sample with 2 analyses for each sample. The chromatography used an Ascentis Express C18 15 cm × 2.1 mm, 2.7 μm (Cat\#53825‐U) column with solvent A as 0.1% formic acid in water and B as acetonitrile. All solvents were LC/MS grade. The gradient used is shown in Table [S1](#jah32876-sup-0001){ref-type="supplementary-material"}. The data were examined by integration of the peak caused by the 268 to 136 amu transition in a reconstructed ion chromatogram using Quant browser in Xcalibur software. An external standard curve from 1000 to 10 pmol was created for each analysis group for quantitation. All values were then standardized to adenosine content from sham‐injured animals.

Immune Cell Quantification by Flow Cytometry {#jah32876-sec-0017}
--------------------------------------------

Leukocytes were isolated from whole LV myocardium 1 day following MI/R as previously described with some modifications.[30](#jah32876-bib-0030){ref-type="ref"}, [38](#jah32876-bib-0038){ref-type="ref"}, [39](#jah32876-bib-0039){ref-type="ref"}, [40](#jah32876-bib-0040){ref-type="ref"}, [41](#jah32876-bib-0041){ref-type="ref"} Rats were anesthetized and perfused with 20 mL of ice cold phosphate‐buffered saline (PBS) to exclude circulating blood cells. The atrial cavities and free right ventricular wall were rapidly removed and the remaining LV rapidly dissected and minced with fine scissors. Tissue was enzymatically digested in 10 mL of solution containing collagenase type II (from *Clostridium histolyticum*; Sigma), and DNase I (0.002%, Grade I from bovine pancreas; Roche, Laval, Quebec) dissolved in Hanks balanced salt solution for 40 minutes at 37°C under gentle agitation at 100 rotations per minute. Following digestion, cellular material was kept at 4°C for the remainder of procession. The tissue was passed through a 70‐μm cell strainer and centrifuged at 600*g* for 5 minutes. The cellular pellet was resuspended in 30% Percoll (Sigma‐Aldrich, Oakville, ON, Canada) solution and overlaid onto a 70% Percoll solution and spun at 1300*g* for 20 minutes. The leukocyte‐enriched fraction was removed from interphase and washed with red blood cell lysis buffer. Enriched cells were aliquoted into suspensions, and labeled with the following fluorescent markers: dead stain‐AmCyan (eBioscience, \#65‐0866‐14), anti‐CD45‐PE (Biolegend, \#202207), anti‐myeloperoxidase‐FITC (Abcam, ab90812), anti‐CD68‐APC (Miltenyi Biotec, REA 237), and anti‐CD163‐RPE (Bio‐rad, MCA342PE). Cells were fixed with 4% paraformaldehyde and permeabilized using BD perm/wash buffer (\#554723). Flow cytometry analysis was performed on LSR II instrument (BD Biosciences) and analyzed using the Cytobank Community online web tool.

Quantification of Myocardial Hydrogen Peroxide Formation {#jah32876-sec-0018}
--------------------------------------------------------

Hydrogen Peroxide (H~2~O~2~) formation was measured using Amplex Red Assay (Invitrogen, Carlsbad, CA) as previously described.[42](#jah32876-bib-0042){ref-type="ref"}, [43](#jah32876-bib-0043){ref-type="ref"} Briefly, rat hearts were perfused with ice‐cold PBS and rapidly excised 24 hours following injury. MI/R injured myocardial tissue was incubated with Amplex Red (100 μmol/L) and horseradish peroxidase (1 U/mL) for 30 minutes at 37°C in Krebs‐HEPES buffer protected from light. Fluorescence was measured (530‐nm excitation/590‐nm emission) and subtracted from background. H~2~O~2~ formation was normalized to wet weight of tissue.

Quantification of Myocardial Dysfunction {#jah32876-sec-0019}
----------------------------------------

Evaluation of myocardial dysfunction was performed by transthoracic echocardiography at baseline and days 1, 2, 7, 14, and 28 following MI/R as previously described.[44](#jah32876-bib-0044){ref-type="ref"}, [45](#jah32876-bib-0045){ref-type="ref"} Rats were first anesthetized using 2% isoflurane and placed on a staging platform ventral side up with chest wall fur removed. The concentration of isoflurane was adjusted between 1% and 3% to maintain a heart rate between 330 and 360 beats/min during imaging sessions. Cardiac image sequences were acquired using a Vevo3100 Imaging platform at a frame rate of 310 frames per second using a 13‐ to 24‐mHz ultra‐high‐frequency linear array transducer (MX250, VisualSonics Inc., Toronto, ON, Canada). Images for speckle‐tracking analysis were acquired in the parasternal long‐axis views and included LV anterior and inferior wall from base to apex with visualization of the mitral valve, aorta, and papillary muscles.[45](#jah32876-bib-0045){ref-type="ref"} Two‐dimensional echocardiographic images obtained without significant shadowing artifact in parasternal long‐axis were analyzed using 2‐dimensional speckle‐tracking software (Vevostrain Analysis; VisualSonics Inc). Global longitudinal strain (GLS) and global longitudinal strain rate were determined by average peak strain and strain rate, respectively, across all segments of the myocardium. Data were measured over 3 heartbeats and averaged.[46](#jah32876-bib-0046){ref-type="ref"}

Assessment of Viability From Explanted eMSCs {#jah32876-sec-0020}
--------------------------------------------

eMSCs with or without APCP pretreatment were explanted from animals at days 1 and 3 following MI/R injury. MSC containing alginate capsules were separated from polyethylene glycol adhesive by rinsing explants with 10 mL of saline, mincing, and digesting in 2 mL of 0.1% collagenase type II (Worthington, Cat\# LS004176) in PBS for 10 minutes at 37°C while shaking at 60 rpm. Capsules were transferred into 2 mL of saline, stained with live/dead kit (Invitrogen, Cat\# L3224) by following manufacturer\'s specifications. Maximal intensity projection images were obtained on a Zeiss LSM 510 Meta confocal microscope at ×10 magnification.

Human MSCs {#jah32876-sec-0021}
----------

Human MSCs satisfying the accepted standard definition were obtained from the Emory Personalized Immunotherapy Core (EPIC). All cellular products from the EPIC core are compliant with the US Food and Drug Administration phase I Good Manufacturing Process standards.

Human Neutrophil Isolation {#jah32876-sec-0022}
--------------------------

Human neutrophils were obtained from donors as previously described.[47](#jah32876-bib-0047){ref-type="ref"} All studies involving drawing of human blood were approved by the Emory University Institutional Review Board and were in accordance with institutional guidelines. All donors gave consent before blood draw. Ten to 15 mL of blood was drawn in an EDTA tube, overlaid on 5 mL lympholyte cell separation media (Cedarlane Labs \#CL5070; Burlington), and centrifuged at 500*g* for 35 minutes at 20°C. Neutrophils were collected from the interphase and diluted into 10 mL of Hanks balanced salt solution without calcium/magnesium. Suspension was spun at 350*g* for 10 minutes at 20°C and supernatant was removed. Pellet was washed with red cell lysis buffer, centrifuged at 250*g* for 5 minutes using minimal brake, and supernatant was removed. Two percent human serum albumin in 500 μL Hanks balanced salt solution without calcium/magnesium was used to resuspend the pellet.

Detection of ROS Formation by Neutrophils Cultured In Vitro {#jah32876-sec-0023}
-----------------------------------------------------------

Freshly isolated human neutrophils were seeded onto 96‐well plates at a density of 1×10^5^ cells/well in 30 μL of RPMI‐1640 media. For MSC co‐culture experiments, wells were preseeded with human MSCs 1×10^4^ cells/well. Inflammatory stimulation was invoked by addition of 10 ng/mL of tumor necrosis factor α (Peprotech, Rocky Hill, NJ) and 2 μmol/L of *N*‐formyl‐methionyl‐leucyl‐phenylalanine (Sigma) for 2 hours. For experiments requiring detection of H~2~O~2~ formation, Amplex Red (Invitrogen, Carlsbad, CA) mix was added and fluorescence read with filter setting at 530‐nm excitation/590‐nm emission. For experiments assessing superoxide formation, hydrocyanine‐3 (LI‐COR, Lincoln, NE) was added and fluorescence read with filter setting at 540‐nm excitation/570‐nm emission by Synergy H1 Plate Reader (Biotek, Winooski, VT).

Statistical Analysis {#jah32876-sec-0024}
--------------------

Values are presented as mean±SEM. Data among multiple groups were compared using 1‐way ANOVA followed by Tukey\'s post hoc analysis. For myocardial dysfunction, all data were analyzed without multiple testing correction, as differences between treatment groups, but not within treatment groups over time, were sought at specific time points. Data between 2 groups were compared using unpaired 2‐tailed *t* test. A *P*\<0.05 was considered significant. All statistical analysis was performed on GraphPad Prism 5.0 (GraphPad Prism Software Inc, San Diego, CA,).

Results {#jah32876-sec-0025}
=======

MSCs Support Myocardial Adenosine Bioavailability Acutely Following MI/R via CD73 Activity {#jah32876-sec-0026}
------------------------------------------------------------------------------------------

Adenosine bioavailability is an important determinant of tissue‐level inflammation. Here, we used LC/MS to measure adenosine production. One day following MI/R injury, there was significant loss of adenosine bioavailability in animals treated with PBS or hydrogel vehicle control compared with those treated with eMSCs. We used a highly specific nonhydrolyzable CD73 antagonist, APCP,[35](#jah32876-bib-0035){ref-type="ref"} to deactivate CD73 activity in a subset of eMSCs before delivery. After treatment with APCP, eMSCs were unable to increase adenosine bioavailability compared with PBS or hydrogel vehicle controls (relative adenosine compared with sham per mg LV tissue, MI/R+PBS 0.68±0.11; MI/R+eMSCs 1.32±0.17; MI/R+APCP‐eMSCs 0.53±0.06, Figure [1](#jah32876-fig-0001){ref-type="fig"}A). At day 3 post MI/R injury, all treatment groups had significant reduction in adenosine bioavailability compared with sham, but there were no observable differences among any of the treatment groups (relative adenosine compared with sham per mg LV tissue, MI/R+PBS 0.34±0.15; MI/R+eMSCs 0.33±0.04; MI/R+APCP‐eMSCs 0.40±0.06, Figure [1](#jah32876-fig-0001){ref-type="fig"}B).

![Implantation of eMSCs temporarily increases myocardial bioavailability of ADO following MI/R injury by CD73 activity. A, LC/MS analysis of LV tissue 1 day following MI/R injury demonstrates significantly higher levels of ADO 1 day following injury compared with PBS control. This elevated level of ADO, however, is not observed in animals treated with APCP‐eMSCs. ADO levels 1 day after MI/R were not significantly different in any treatment group from sham injury. B, ADO content of LV tissue 3 days after injury demonstrated significant loss of ADO bioavailability in all treatment groups compared with sham injury. No difference was detected among the PBS,eMSC, or APCP‐eMSC treatment groups. Values normalized to sham injury. Data are expressed as mean±SEM, n=5 to 6, \*\**P*\<0.005. One‐way ANOVA, Tukey post hoc test. ADO indicates adenosine; APCP‐eMSCs, α,β‐methylene adenosine diphosphate pretreated eMSCs; eMSCs, encapsulated mesenchymal stromal cells; LC/MS, liquid chromatography/mass spectrometry; LV, left ventricle; MI/R, myocardial ischemia/reperfusion; PBS, phosphate‐buffered saline.](JAH3-7-e006949-g001){#jah32876-fig-0001}

MSCs Require Both CD73 Activity and Exogenous AMP to Produce Extracellular Adenosine In Vitro {#jah32876-sec-0027}
---------------------------------------------------------------------------------------------

To determine which factors were critical to MSC‐mediated adenosine production, we performed LC/MS on MSC culture media. LC/MS on growth media without cells or the culture media derived from MSCs demonstrated that no detectable levels of adenosine were produced. However, upon supplementation of media with AMP, MSCs were able to generate ≈10 000 nmol of adenosine per 1×10^6^ cells. This capacity to convert AMP to adenosine was significantly impaired when MSCs were pretreated with APCP (adenosine per 1×10^6^ MSCs, media only nondetectable; MSCs nondetectable; MSCs+AMP 10 700±1670 nmol; MSCs+AMP+APCP 1610±250 nmol, Figure [2](#jah32876-fig-0002){ref-type="fig"}).

![MSCs require exogenous AMP and depend on CD73 activity to produce extracellular ADO in vitro. LC/MS quantification of ADO levels from MSC culture media demonstrate the necessity of supplemental AMP to generate ADO. This production of ADO is largely inhibited by co‐treatment with APCP. Data are expressed as mean±SEM, n=6, \*\*\**P*\<0.0005. One‐way ANOVA, Tukey post hoc test. ADO indicates adenosine; AMP, adenosine monophosphate; APCP, α,β‐methylene adenosine diphosphate; LC/MS, liquid chromatography/mass spectrometry; MSCs, mesenchymal stromal cells.](JAH3-7-e006949-g002){#jah32876-fig-0002}

MSCs Attenuate Early Innate Immune Cell Infiltration Following MI/R Injury via CD73 Activity {#jah32876-sec-0028}
--------------------------------------------------------------------------------------------

Innate immune cells such as neutrophils and macrophages are critical cell mediators of early inflammation following MI/R. They are responsible for amplifying pro‐inflammatory cytokines, generating ROS, and exacerbating cardiac dysfunction.[10](#jah32876-bib-0010){ref-type="ref"}, [30](#jah32876-bib-0030){ref-type="ref"}, [48](#jah32876-bib-0048){ref-type="ref"} We used flow cytometry to determine the number of immune cells within the LV tissue 1 and 3 days after MI/R. Gating strategy is demonstrated in Figure [S1](#jah32876-sup-0001){ref-type="supplementary-material"}. Encapsulated MSCs inhibited infiltration of myocardium by CD45^+^ white blood cells (number of white blood cells ×10^3^ per LV, sham 559±106; MI/R+PBS 4239±364; MI/R+eMSCs 1771±153; MI/R+APCP‐eMSCs 3979±360, Figure [3](#jah32876-fig-0003){ref-type="fig"}A), MPO^high^ neutrophils (number of neutrophils ×10^3^ per LV, sham 214±27; MI/R+PBS 2300±334; MI/R+eMSCs 1022±126; MI/R+APCP‐eMSCs 2301±354, Figure [3](#jah32876-fig-0003){ref-type="fig"}B) and CD68^high^ macrophages (number of macrophages ×10^3^ per LV, sham 208±53; MI/R+PBS 1417±88; MI/R+eMSCs 507±26; MI/R+APCP‐eMSCs 1427±231, Figure [3](#jah32876-fig-0003){ref-type="fig"}C) compared with PBS‐treated animals at 24 hours. Furthermore, at 24 hours eMSCs pretreated with APCP lost their ability to inhibit total leukocyte, neutrophil, and macrophage infiltration compared with eMSCs that were not pretreated with APCP. Hydrogel vehicle had no effect on immune cell infiltration at 24 hours compared with PBS‐treated animals in all populations examined including CD45^+^ leukocytes (number of white blood cells ×10^3^ per LV, MI/R+PBS 4240±360; MI/R+hydrogel 3390±370, Figure [S2](#jah32876-sup-0001){ref-type="supplementary-material"}A), MPO^high^ neutrophils (number of neutrophils ×10^3^ per LV, MI/R+PBS 2300±334; MI/R+hydrogel 2146±217, Figure [S2](#jah32876-sup-0001){ref-type="supplementary-material"}B), and CD68^high^ macrophages (number of macrophages ×10^3^ per LV, MI/R+PBS 1417±88; MI/R+hydrogel 1414±180, Figure [S2](#jah32876-sup-0001){ref-type="supplementary-material"}C). Enumeration of immune cells 3 days after injury demonstrated that implantation of eMSCs reduced total CD45^+^ leukocytes (number of white blood cells ×10^3^ per LV, sham 302±62; MI/R+PBS 3170±575; MI/R+eMSCs 1110±213; MI/R+APCP‐eMSCs 1530±501, Figure [3](#jah32876-fig-0003){ref-type="fig"}D) and CD68^high^ macrophages (number of macrophages ×10^3^ per LV, sham 102±15; MI/R+PBS 196±277; MI/R+eMSCs 680±105; MI/R+APCP‐eMSCs 870±347, Figure [3](#jah32876-fig-0003){ref-type="fig"}F). Animals treated with APCP‐eMSCs did not have significant effect on leukocyte‐ and macrophage‐specific infiltration compared with eMSCs at 3 days post MI/R. MPO^high^ neutrophil numbers diminished to levels seen in sham‐injured rats in all treatment groups by day 3 post‐MI/R (number of neutrophils ×10^3^ per LV, sham 102±44; MI/R+PBS 192±55; MI/R+eMSCs 225±121; MI/R+APCP‐eMSCs 172±35, Figure [3](#jah32876-fig-0003){ref-type="fig"}E) and were not significantly different.

![Implantation of eMSCs reduces infiltration of innate immune cells at 1 and 3 days after myocardial MI/R injury. Quantification of innate immune cell subtypes by flow cytometry in animals treated with PBS,eMSCs, or APCP‐eMSC. Animals treated with eMSCs had significantly reduced infiltration of (A) CD45^+^ WBCs, (B) MPO ^high^ neutrophils, and (C) CD68^high^ macrophages compared with PBS 1 day following injury. Animals treated with APCP‐eMSCs had no significant reduction of any cell type quantified compared with PBS control 1 day after injury. Implantation of eMSCs also lead to sustained reduction in overall (D) CD45^+^ WBC infiltration compared with PBS‐treated controls 3 days after MI/R injury. None of the treatment groups had significantly different (E) MPO ^high^ neutrophil infiltration compared with sham injury at 3 days. F, CD68^high^ macrophage infiltration was significantly reduced by eMSC‐treated animals compared with PBS control. APCP‐eMSC‐treated animals also did not demonstrate significant differences compared with sham at 3 days following injury. Data are expressed as mean±SEM, n=4 to 5, \**P*\<0.05, \*\**P*\<0.005, \*\*\**P*\<0.0005, n.s. indicates not significant compared with sham. One‐way ANOVA, Tukey post hoc test. APCP‐eMSCs indicates α,β‐methylene adenosine diphosphate pretreated eMSCs; eMSCs, encapsulated mesenchymal stromal cells; MI/R, myocardial ischemia/reperfusion injury; MPO, myeloperoxidase; PBS, phosphate‐buffered saline; WBCs, white blood cells.](JAH3-7-e006949-g003){#jah32876-fig-0003}

MSCs Require CD73 Activity to Prevent Increases in Myocardial H~2~O~2~ Formation Following MI/R {#jah32876-sec-0029}
-----------------------------------------------------------------------------------------------

ROS are danger‐associated molecular patterns that both trigger and arise from cellular stress, serving as an activation signal for the innate immune response.[10](#jah32876-bib-0010){ref-type="ref"}, [49](#jah32876-bib-0049){ref-type="ref"} Their formation triggers endogenous pattern recognition receptors such as Toll‐like receptors that activate innate immunity in mammalian tissue.[11](#jah32876-bib-0011){ref-type="ref"}, [50](#jah32876-bib-0050){ref-type="ref"} In vitro, MSCs reduce neutrophil ROS production including generation of H~2~O~2~ and superoxide when in coculture with isolated neutrophils from human blood. These findings have been previously reported in the literature and independently verified by our lab (Figure [S3](#jah32876-sup-0001){ref-type="supplementary-material"}).[51](#jah32876-bib-0051){ref-type="ref"} These findings are purportedly because of signaling between adenosine and the adenosine A2a‐receptor, which regulates NADPH‐oxidase assembly in immune cells.[52](#jah32876-bib-0052){ref-type="ref"} To determine whether MSCs were able to disrupt the formation of ROS in vivo, we measured H~2~O~2~ formation 1 day following MI/R. Significant increases in myocardial H~2~O~2~ formation were observed in PBS‐ or hydrogel‐treated animals when compared with sham‐injured controls. In contrast, treatment of animals with eMSCs prevented significant increases in ROS formation compared with sham. Furthermore, APCP‐eMSCs were unable to prevent significant increases in ROS formation (relative H~2~O~2~ formation compared with sham per mg of LV tissue, MI/R+PBS 4.46±0.63; MI/R+hydrogel 4.32±1.47; MI/R+eMSCs 2.59±0.35; MI/R+APCP‐eMSCs 3.44±0.51, Figure [4](#jah32876-fig-0004){ref-type="fig"}).

![eMSCs prevent an increase in H~2~O~2~ formation via CD73 activity 1 day after MI/R injury. H~2~O~2~ formation per mg of LV myocardial tissue was measured by Amplex Red assay in animals treated with PBS, hydrogel vehicle, eMSCs, or APCP‐eMSC. Values normalized to sham treatment. n=6 to 7. Data are expressed as mean±SEM. \**P*\<0.05, \*\**P*\<0.005, n.s. indicates not significant compared with sham. One‐way ANOVA, Tukey post hoc test. APCP‐eMSCs indicates α,β‐methylene adenosine diphosphate pretreated eMSCs; eMSC, encapsulated mesenchymal stromal cells; H~2~O~2~, hydrogen peroxide; LV, left ventricle; MI/R, myocardial ischemia/reperfusion; PBS, phosphate‐buffered saline.](JAH3-7-e006949-g004){#jah32876-fig-0004}

MSCs Require CD73 to Protect Cardiac Function Following MI/R {#jah32876-sec-0030}
------------------------------------------------------------

We examined whether CD73 activity was required for protection of hemodynamic function using 2‐dimensional and speckle‐tracking echocardiography before injury and at days 1, 2, 7, 14, and 28 following MI/R. We chose to perform strain analysis because of its higher sensitivity in detecting injury or recovery in myocardial function compared with fractional shortening. Animals given eMSCs with active CD73 function had significant improvements in GLS at days 7, 14, and 28 (GLS 7 days after injury, %, MI/R+PBS 16.5±1.2; MI/R+hydrogel 17.5±0.7; MI/R+eMSCs 25.1±0.9; MI/R+APCP‐eMSCs 14.4±1.5, Figure [5](#jah32876-fig-0005){ref-type="fig"}A) (GLS 14 days after injury, %, MI/R+PBS 16.0±1.9; MI/R+hydrogel 15.8±0.9; MI/R+eMSCs 25.0±1.4; MI/R+APCP‐eMSCs 16.7±1.2, Figure [5](#jah32876-fig-0005){ref-type="fig"}A), (GLS 28 days after injury, %, MI/R+PBS 15.9±1.3; MI/R+hydrogel 18.1±1.6; MI/R+eMSCs 27.1±1.5; MI/R+APCP‐eMSCs 19.2±1.4, Figure [5](#jah32876-fig-0005){ref-type="fig"}A). Global longitudinal strain rate was significantly improved in eMSC‐treated animals compared with PBS and hydrogel vehicle‐treated controls at days 14 and 28 (global longitudinal strain rate 14 days after injury, 1/s, MI/R+PBS 3.2±0.4; MI/R+hydrogel 4.1±0.5; MI/R+eMSCs 6.0±0.2; MI/R+APCP‐eMSCs 3.3±0.6, Figure [5](#jah32876-fig-0005){ref-type="fig"}B) (global longitudinal strain rate 28 days after injury, 1/s, MI/R+PBS 3.6±0.4; MI/R+hydrogel 3.8±0.4; MI/R+eMSCs 5.5±0.2; MI/R+APCP‐eMSCs 4.0±0.4, Figure [5](#jah32876-fig-0005){ref-type="fig"}B). Ejection fraction at day 28 in eMSC‐treated animals was significantly improved compared with PBS and hydrogel vehicle controls (ejection fraction 28 days after injury, %, MI/R+PBS 57.0±1.8; MI/R+hydrogel 57.2±1.7; MI/R+eMSCs 68.2±2.3; MI/R+APCP‐eMSCs 58.6±3.3, Figure [5](#jah32876-fig-0005){ref-type="fig"}C). There were no significant differences among the PBS, hydrogel vehicle control, and APCP‐eMSC groups at any time points measured.

![eMSCs require CD73 activity to promote recovery in cardiac function following MI/R injury. Animals treated with PBS, hydrogel vehicle control, eMSCs, or APCP‐eMSCs were assessed by speckle‐tracking echocardiography at baseline and at days 1, 2, 7, 14, and 28. A, GLS was improved from days 7 to 28, (B) GLSR was improved from days 7 to 28, and (C) EF was improved at day 28 for animals treated with eMSCs compared with all other treatment groups. APCP‐eMSC‐treated animals had no significant improvement in cardiac function compared with PBS or hydrogel vehicle control. Data are expressed as mean±SEM. n=5 to 6, \**P*\<0.05, \*\**P*\<0.005, \*\*\**P*\<0.0005 for MI/R+eMSCs compared with all other treatment groups. One‐way ANOVA, Tukey post hoc test. APCP‐eMSCs indicates α,β‐methylene adenosine diphosphate pretreated eMSCs; EF, ejection fraction; eMSCs, encapsulated MSCs; GLS, global longitudinal strain; GLSR, global longitudinal strain rate; MI/R, myocardial ischemia/reperfusion; PBS, phosphate‐buffered saline.](JAH3-7-e006949-g005){#jah32876-fig-0005}

Pretreatment of MSCs With APCP Does Not Adversely Affect Short‐Term Postimplant Viability {#jah32876-sec-0031}
-----------------------------------------------------------------------------------------

Although off‐target effects have not previously been reported, it is unclear whether inhibition of CD73 function using the pharmacologic inhibitor APCP had an effect on MSC viability. We performed live/dead cell imaging on explanted eMSC capsules at days 1 and 3 post MI/R. Maximal intensity projections show similar viability from all recovered eMSCs capsules with or without APCP pretreatment at days 1 and 3 following MI/R injury (viability %, eMSCs 1 day 66.4±1.4; APCP‐eMSCs 1 day 63.0±2.5; eMSCs 3 day 65.6±1.6; APCP‐eMSCs 3 day 63.1±1.4, Figure [6](#jah32876-fig-0006){ref-type="fig"}).

![Pretreatment of eMSCs with CD73 inhibitor, APCP, does not decrease cell viability following implantation onto MI/R injured myocardium. Live/dead fluorescent imaging of eMSCs explanted from MI/R injured hearts after (A) 1 day without APCP pretreatment, (B) 1 day with APCP pretreatment, (C) 3 days without APCP pretreatment, and (D) 3 days with APCP pretreatment. E, Viability was not statistically different between eMSCs with our without APCP pretreatment at days 1 or 3. Data are expressed as mean±SEM, n=6. Unpaired *t* test. APCP indicates α,β‐methylene adenosine diphosphate; eMSCs, encapsulated mesenchymal stromal cells; MI/R, myocardial ischemia/reperfusion.](JAH3-7-e006949-g006){#jah32876-fig-0006}

Discussion {#jah32876-sec-0032}
==========

The innate immune response is vital for stabilizing early cardiac injury, but the signaling cascade is often amplified by the release of danger‐associated molecular patterns from damaged cells, leading to worsening of MI/R injury.[11](#jah32876-bib-0011){ref-type="ref"} We demonstrate for the first time that MSCs reduce acute inflammation associated with innate immunity in vivo by increasing adenosine bioavailability via surface ecto‐5′‐nucleotidase CD73. While MSCs have also been shown to use cytokines, exosomes, and other means to regulate inflammation, our data suggest that purinergic signaling is also important and powerful. First, we show that MSCs increase bioavailability of adenosine shortly following MI/R through a CD73‐dependent mechanism. Second, we show that MSC‐mediated adenosine production inhibits innate immune cell infiltration within injured myocardium. Third, we show that MSC‐mediated adenosine prevents significant increases in ROS formation following injury. While this effect is likely attributable to reduction of ROS formation from several cell sources (ie, myocytes and fibroblasts), neutrophils are a known significant source of H~2~O~2~ and superoxide in vivo.[53](#jah32876-bib-0053){ref-type="ref"} Finally, we show that MSCs require CD73‐mediated adenosine production to improve cardiac function following MI/R injury. We also validated that the use of the pharmacologic inhibitor APCP significantly impairs the capacity to metabolize AMP to adenosine, without causing appreciable adverse effect on MSC viability postimplantation. Together, these findings suggest that MSCs convert pro‐inflammatory AMP to anti‐inflammatory adenosine, subsequently triggering an "off" signal for the deleterious effects of activated innate immune cells.

CD73 is an important ecto‐5′‐nucleotidase in cardiovascular disease in both animals and humans. Transgenic mice with CD73 knockout have increased susceptibility to MI/R injury because of capillary dysfunction and innate immune cell extravasation.[54](#jah32876-bib-0054){ref-type="ref"} Upon treatment with adenosine‐receptor agonist or soluble CD73, these transgenic mice exhibit similar response to injury compared with wild‐type controls.[54](#jah32876-bib-0054){ref-type="ref"} Interestingly, a phenotype in humans with CD73 deficiency has also been identified. These individuals have premature peripheral arterial calcifications and are affected by debilitating claudication.[55](#jah32876-bib-0055){ref-type="ref"} The findings illustrate a crucial role of CD73‐mediated adenosine production in regulating vascular inflammation. MSC therapy may be beneficial in certain cases by delivering a functionally robust, CD73‐enriched population of cells that maintain their viability and activity in vulnerable tissue. Purinergic metabolism may work in conjunction with other described mechanisms such as paracrine factors, mitochondrial/organelle transfer, and extracellular vesicle formation to cultivate an anti‐inflammatory, pro‐regenerative microenvironment[56](#jah32876-bib-0056){ref-type="ref"}; however, the relative importance and interaction between these mechanisms in cardiac disease remain unresolved.

Although extensively recognized for its ability to induce reactive hyperemia, effects on vasomotor tone do not sufficiently explain the cardioprotective function of adenosine in MI/R. Many adenine nucleotides including ATP and AMP are potent vasodilators, yet they serve no benefit in regulating MI/R injury.[16](#jah32876-bib-0016){ref-type="ref"} Furthermore, the vasodilation seen in coronary blood flow with adenosine has been previously reported to be dependent on upregulation of NADPH‐oxidase--mediated ROS formation in coronary endothelial cells.[57](#jah32876-bib-0057){ref-type="ref"}, [58](#jah32876-bib-0058){ref-type="ref"} In light of our findings that MSCs are capable of increasing adenosine levels while simultaneously preventing significant increases in ROS formation, it seems unlikely that vasodilation is the primary therapeutic mechanism at play. Rather, it seems plausible that adenosine may exert cardioprotection by stimulation of adenosine A2a receptors on neutrophils and macrophages.[59](#jah32876-bib-0059){ref-type="ref"}, [60](#jah32876-bib-0060){ref-type="ref"}, [61](#jah32876-bib-0061){ref-type="ref"} While a number of adenosine receptor isoforms exist, stimulation of the adenosine A2a receptor pathway may predominate when biological concentrations of adenosine increase.[62](#jah32876-bib-0062){ref-type="ref"} Activation of the adenosine A2a‐receptor signaling pathway is implicated in phosphorylation of cyclic‐AMP responsive element‐binding protein, which in turn inhibits nuclear factor‐κβ through competitive binding at DNA transcriptional promoter sites.[63](#jah32876-bib-0063){ref-type="ref"} Competitive inhibition of nuclear factor‐κβ by cyclic‐AMP responsive element‐binding protein is known as 1 important downstream mechanism for disrupting activation of innate immunity.[64](#jah32876-bib-0064){ref-type="ref"} Alternatively, the A2b receptor has also been implicated for its role in ischemic preconditioning in a mouse model of MI/R, suggesting that CD73‐mediated adenosine production by MSCs could act on a number of downstream targets.[65](#jah32876-bib-0065){ref-type="ref"}

In humans, therapies aimed at adenosine signaling in MI/R injury have not demonstrated clinical efficacy, with recent meta‐analysis of randomized trials demonstrating no benefit of adjunctive adenosine therapy following revascularization.[22](#jah32876-bib-0022){ref-type="ref"} Investigations studying the use of adenosine‐receptor agonist therapy for MI/R have also been tested extensively in experimental models[59](#jah32876-bib-0059){ref-type="ref"}, [60](#jah32876-bib-0060){ref-type="ref"}, [61](#jah32876-bib-0061){ref-type="ref"} but have failed in clinical trials.[23](#jah32876-bib-0023){ref-type="ref"} Failure of these trials may be attributable to short‐term bolus administration of adenosine or adenosine‐receptor agonists during the peri‐infarct period, which may be of too short duration to counterbalance the sustained and self‐amplifying inflammatory response. In fact, previous authors have demonstrated that the therapeutic benefit of adenosine injection in a model of MI/R is dependent on repeated injections, which may prohibit its clinical feasibility.[66](#jah32876-bib-0066){ref-type="ref"} Exogenously administered adenosine has an extremely limited biological half‐life, and so use of biomaterial‐supported MSCs may be a novel approach to promote constitutive conversion of AMP to adenosine during the critical hours that follow MI/R injury.[33](#jah32876-bib-0033){ref-type="ref"}, [67](#jah32876-bib-0067){ref-type="ref"}

Interestingly, our findings demonstrate that even though MSCs sharply increase adenosine production 24 hours after injury, the effect is lost at 72 hours. This surprising result may be reflective of the necessity for MSCs to metabolize extracellular AMP in order to produce adenosine, as we have demonstrated in Figure [2](#jah32876-fig-0002){ref-type="fig"}. Myocyte necrosis is known to peak within the first 24 hours of injury,[68](#jah32876-bib-0068){ref-type="ref"} leading to high levels of ATP and AMP being released from myocardial cells, which in turn can be converted to adenosine by MSCs. By day 3, however, cell necrosis decreases substantially and may deprive MSCs of the extracellular AMP substrate necessary to continue generating adenosine. Despite this time‐limited effect, adenosine appears to be a potent signaling molecule within the first 24 hours of injury, which serves to blunt the rapid and robust infiltration of circulating leukocytes, a process that has been well documented to propagate myocardial necrosis.[2](#jah32876-bib-0002){ref-type="ref"}, [53](#jah32876-bib-0053){ref-type="ref"} While the duration of effect for APCP on MSCs after in vivo implantation is not completely clear, Figure [3](#jah32876-fig-0003){ref-type="fig"} would suggest it is temporary since innate immune cell infiltration is significantly reduced at day 1 but not at day 3, by eMSC‐treated animals compared with those treated with APCP‐eMSCs post‐MI/R injury. These findings further support the hypothesis that even a transient reduction of activated early immune cells post‐MI/R may lead to significant long‐term improvements in cardiac function injury.[6](#jah32876-bib-0006){ref-type="ref"}, [7](#jah32876-bib-0007){ref-type="ref"} This study further highlights the important role of MSCs in regulating the complex interplay between cellular necrosis and innate immunity within the first 24 hours following injury.

Our study has certain limitations. The first is the relatively small sample size. While the authors determined that the sample sizes used in this study were sufficient to detect a significant difference between the eMSC group versus vehicle controls, it may have been underpowered to detect differences between the APCP‐eMSC or hydrogel group and PBS control, and thus may not represent true lack of effect. Second, we have not yet determined whether adenosine signaling pathways are activated on target innate immune cells, which would be important in validating the mechanism of action described here. Finally, our findings would be strengthened by genetic knockdown of CD73 expression. Although the authors have explored use of a CD73‐deficient MSC line, current evidence suggests that CD73 may be critical for cell proliferation.[69](#jah32876-bib-0069){ref-type="ref"}, [70](#jah32876-bib-0070){ref-type="ref"} Knockdown of this enzyme may limit MSC growth kinetics in vitro, which presents unique challenges for expansion before implantation, and thus requires further study.

Here, we have detailed a new powerful mechanism of the immunomodulatory potential of MSCs in a preclinical model of MI/R injury. Identifying key enzymes, such as CD73, as we have here, and establishing their temporal importance in regulation of the acute and chronic inflammatory cascade post‐MI/R will be invaluable for informing optimal design cell‐based therapeutic strategies to support myocardial salvage, cardioprotection, and conversion of the cellular microenvironment to one that favors early regeneration over inflammation in order to impart improved outcomes. Recent advances in cellular genetic editing techniques such as CRISPR‐Cas9 could be harnessed to upregulate or augment intrinsic MSCs enzyme function before implantation in order to achieve maximal benefit. Alternatively, the growing field of exosomal/hydrogel engineering has shown growing promise as a novel, efficacious disease treatment strategy.[71](#jah32876-bib-0071){ref-type="ref"}, [72](#jah32876-bib-0072){ref-type="ref"} With increasing mechanistic insight, these treatment strategies may converge and be used to guide further studies aimed at engineering the optimal use of cells or cell components for future iterations of cell‐based therapy in MI/R injury.
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**Table S1.** Liquid Chromatography/Mass Spectrometry Utilized Ascentis Column With 0.1% Formic Acid in Water as Solvent (A) and Acetonitrile as Solvent (B)

**Figure S1.** Gating strategy to identify cell subpopulations that comprise the innate immune system.

**Figure S2.** Hydrogel delivery vehicle does not cause reduced innate immune cell infiltration compared with PBS control.

**Figure S3.** MSCs inhibit neutrophil‐mediated reactive oxygen species formation in vitro. Human neutrophils were cultured with RPMI with and without MSC co‐culture and stimulated with inflammatory TNFα/fMLP for inflammatory stimulation.
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